To characterize the molecular links between type-1 autosomal dominant optic atrophy and OPA1 dysfunctions, the effects of pathogenic alleles of this dynamin on mitochondrial morphology and apoptosis were analyzed either in fibroblasts from affected individuals, or in HeLa cells transfected with similar mutants. The alleles were missense substitutions in the GTPase domain (OPA1 G300E and OPA1 R290Q ) or deletion of the GTPase effector domain (OPA1 ∆58 ). Fragmentation of mitochondria and apoptosis increased in OPA1 R290Q fibroblasts and in OPA1 G300E transfected HeLa cells. OPA1 ∆58 did not influence mitochondrial morphology but increased the sensitivity to staurosporine of fibroblasts. In these cells, the amount of OPA1 protein was half that in control fibroblasts. We conclude that GTPase mutants exert a dominant negative effect by competing with wild-type alleles to integrate into fusion-competent complexes whereas C-terminal truncated alleles act by haploinsufficiency. We present a model where antagonistic fusion and fission forces maintain the mitochondrial network within morphological limits that are compatible with cellular functions. In the retinal ganglion cells of patients suffering type-1 autosomal dominant optic atrophy, OPA1-driven fusion cannot adequately oppose fission thereby rendering them more sensitive to apoptotic stimuli and eventually leading to optic nerve degeneration.
Autosomal dominant optic atrophy (ADOA 1 ; MIM#165500) is the most common form of inherited optic neuropathy with a frequency of 1:12 000 to 1:50 000 (1,2). This disease is characterized by the insidious onset of visual impairment in early childhood with moderate to severe loss of visual acuity, temporal optic disc pallor, abnormalities of color vision and caecocentral visual field scotoma (3) (4) (5) . Electrophysiological and histopathological studies have suggested that the underlying defect is retinal ganglion cell (RGC) degeneration leading to atrophy of the optic nerve (3, 6) , as observed in Leber hereditary optic atrophy (LHON) a maternally transmitted disease caused by mtDNA mutations (7) .
Among the four loci for ADOA (8) (9) (10) (11) ) the most common is OPA1 which was found by us and others to be attributable to mutations in the OPA1 gene located on chromosome 3q28-29 (12, 13) . This gene spans approximately 100 kbp and is composed of 30 coding exons of which exons 4, 4b and 5b are alternatively spliced generating 8 mRNA isoforms (14) . OPA1 transcripts are ubiquitously expressed in humans tisuues with particular isoforms predominating in the brain, retina, heart and muscle (12) (13) (14) . In agreement we these observations several isoforms of the OPA1 protein were detected in different mammalian tissues, again showing a somewhat specific distribution (15) . The OPA1 gene encodes a mitochondrial protein related to the dynamins (12, 15) . It displays a GTPase domain with the three GTP binding motifs and a dynamin signature, and a coiled-coil C-terminal domain that could correspond to the dynamin GTPase effector domain (GED) involved in oligomerisation and catalytic activation (16, 17) . In the N-terminal region of OPA1 a canonical mitochondrial sequence targets the protein to the mitochondria (15, 18, 19) . OPA1 is localised to the inter-membrane space, and has been shown to be associated with the inner or outer membranes depending on the study (15, 19, 20) . Yeast orthologs of OPA1, Msp1p in S. pombe and Mgm1p in S. cerevisiae, shift the equilibrium between the fusion and fission forces (21-23) that act on mitochondrial membranes to maintain the mitochondrial network morphology (24, 25) towards fusion. We have suggested that the function of this dynamin has been conserved during evolution since expression of OPA1 can complement the loss of the msp1 + gene in S. pombe (26) . This was recently emphasized in mammalian cells where modulation of OPA1 expression indeed affected mitochondrial morphology (20, 27, 28) . Interestingly, loss of the conserved mitochondrial dynamin led to cell death both in yeast and in human cells, by an apoptotic process in the latter species (23, 27, 29, 30) .
Type-1 ADOA shows variable expression, both between and within families, ranging from an asymptomatic state to complete blindness (5), with no clear correlation with the many mutations found in the OPA1 gene. More than 80 different mutations spread throughout the OPA1 coding sequence have been described so far (31) . One of these, corresponding to the deletion of the entire OPA1 gene, provided evidence that haploinsufficiency is the cause of the disease (32) . Accordingly, almost 50% of the mutations cause premature truncations of OPA1 and nearly 40% are located in the GTPase domain, possibly leading to the loss of function of the dynamin. Nevertheless, we and others have demonstrated that expression of GTPase mutants of Mgm1p and Msp1p in yeasts containing a wild type allele of the dynamin exerts a dominant negative effect leading to cell death in S. pombe (21, 23, 33) . To clarify this point and to gain insight into the pathogenesis of type-1 ADOA we examined the effects of pathogenic mutations of OPA1 on mitochondrial morphology and apoptosis in transfected HeLa cells and in skin fibroblasts from ADOA patients.
EXPERIMENTAL PROCEDURES
Antibodies -OPA1 antibodies have been described previoulsly (15 Microscopy -Cells grown on glass coverslips were fixed in 3.7% paraformaldehyde in PBS (30 min, 4°C), permeabilized in 100% methanol (1 min, -20°C), then in PBS + 0.2% Triton X-100 (10 min, room temperature) and immunolabelled in PBS + 2% BSA, using the following antibodies (OPA1: 1/800 or 1/160; cytochrome c: 1/100; Alexa-594 anti-rabbit IgG and Alexa-488 anti-mouse IgG: 1/500) and stained with DAPI (0.1mg/ml). To quantify the phenotypes, mitochondria were stained directly in the cultures using 100nM CMXros Mitotracker‚ Red (Molecular Probes) for 30 minutes, then fixed and DAPI stained. Fluorescence images were captured and processed using a Leica DMIRE-2 microscope. For transmission electron microscopy, cells were microinjected with the different plasmids (10ng/µl) in the presence of 10nm gold bead conjugated immunoglobulins (EMS) using a Zeiss Axiovert microinjector. After 24 hours, cells were fixed for 1 hour with 4% glutaraldehyde in sodium cacodylate buffer, post-fixed for 1h with 1% osmium tetroxide, dehydrated and embedded in Epon (EMS). Thin sections adsorbed onto nickel grids were stained with 1% uranyl acetate and 0.3% lead citrate, and imaged in a JEOL-1200 EX electron microscope at 80 kV. G300E which showed a similar migration pattern upon SDS-PAGE. Two major bands were detected superimposed on the endogenous OPA1 isoforms that were visualized in the mock transfected cells (Fig. 1A) . In comparison, the expression levels of OPA1 ∆58 were lower but the electrophoretic pattern was similar with two bands of a higher mobility being detected, consistent with a 58 residue deletion (Fig. 1A) .
RESULTS

Effects
Mitochondrial network morphology and OPA1 labelling were next assessed using mitotracker red and anti-OPA1 antibodies respectively. In untransfected cells (Fig. 1B, panel a) , Mitotracker labelling revealed elongated tubules forming a filamentous network. In these cells endogenous OPA1, visualized using a low antibody dilution (1/160), mostly colocalized with the mitotracker ( ∆58 showed a normal filamentous mitochondrial network (Fig.  1B, panel j, Fig. 1C ). The over-expressed mutated dynamin appeared to be clustered in foci less evenly spread through the mitochondrial network than the endogenous OPA1 proteins, as seen in regions of the cells with less mitochondria (Fig. 1B, panels k-l) .
The internal structure of the mitochondria was then analyzed by electron microscopy on HeLa cells comicroinjected with plasmid DNA and 10 nm gold beads cojugated to immunoglobulin to visualize injected cells. In agreement with the light microscopy observations, cells expressing YFP (Fig. 2 , panels a-b) or OPA1 ∆58 (Fig. 2 , panels h-i) showed mitochondria that appeared to be heterogeneous in length consistent with sections of a tubular shaped network, while cells expressing OPA1 wt (Fig. 2 , panels c-d) or OPA1 G300E (Fig. 2 , panels e-g) showed predominantly small spherical mitochondria. Furthermore, expression of OPA1 G300E altered the inner membrane structure which showed disorganized cristae of irregular shape and volume reminiscent of apoptotic cells (Fig. 2 , panels e-g). Such effects on the structure of the cristae were not observed in YFP, OPA1 wt or OPA1 ∆58 expressing cells (Fig.  2, panels a-d and h-i) .
Finally, the numbers of apoptotic cells induced by over-expression of the various forms of OPA1 was quantifed 24h after transfection by direct labelling of chromatin with DAPI. In contrast to OPA1 wt and OPA1 ∆58 which had no effect on the number of apoptotic-like nucleus when compared to control YFP expressing cells, 20% of the cells transfected by OPA G300E showed a nucleus containing condensed and fragmented chromatin (Fig.  3A) . Such cells did not appear in the presence of the caspase inhibitor Z-VADfmk (data not shown). We then investigated whether apoptosis induced by over-expression of OPA1 G300E depended on cytochrome c release. Before processing for immuno-cytochemistry with anti-OPA1 (1/800) or anti-cytochrome c antibodies, the transfected cells were incubated with Z-VAD-fmk to prevent cells from fully initiating the apoptotic process and detaching from the growth support. A significant proportion (7%, n=300) of cells over-expressing OPA1 G300E showed an homogenous cytoplasmic fluorescence when examined for cytochrome c labeling (Fig. 3B, panels g-l) . In contrast in cells over-expressing OPA1 wt (Fig. 3B , panels ac) or OPA1 ∆58 (Fig. 3B , panels d-f) cytochrome c fluorescence segregated to the mitochondrial network.
Mitochondrial morphology and sensitivity to apoptotic death in cells from type-1 ADOA patients -To further clarify the molecular links between type-1 ADOA and OPA1 mutations we extended the above observations to cells from ADOA patients. We thus examined mitochondrial morphology and the sensitivity to apoptosis of skin fibroblasts from patients carrying either the substitution R290Q in the GTPase domain of OPA1 (OPA1 R290Q , c.869G>A) or the deletion of the last 58 residues of OPA1 (OPA1 ∆58 , c.2708delTTAG).
The morphology of the mitochondrial network was assessed using mitotracker. In two ADOA unaffected individuals 70% of the cells showed a filamentous mitochondrial network. Few cells (2%) displayed a punctuated network with round mitochondria and the remaining cells (28%) had an intermediate phenotype with mitochondria of both types (Fig. 4A, B) . On the contrary mitochondria from a patient bearing the OPA1 R290Q allele were highly fragmented (Fig. 4A, B) ; most cells with a filamentous network disappeared, incresasing the numbers of cells with punctuated mitochondria, while the proportion of cells with mixed mitochondrial phenotypes was almost unaffected. The mitochondrial phenotype of fibroblasts from a patient bearing the OPA1 ∆58 allele was qualitatively and quantitatively undistinguishable from that of controls cells (Fig. 4A, B) .
The susceptibility to staurosporineinduced apoptosis was then assessed (Fig.  4B) . After 24h of exposure to 75 nM staurosporine approximately 10 % of cells from the two unaffected individuals showed an apoptotic-like nucleus with condensed and fragmented chromatin. In comparison, skin fibroblasts from patients carrying either OPA1 R290Q or OPA1
∆58
allele showed an increased sensitivity to staurosporine-induced apoptosis (27 and 22 % respectively). When cultures were not treated with staurosporine, apoptotic cells were observed at a frequency of 1 to 3 % in both the controls and type-1 ADOA patients. Finally, Western blots using anti-OPA1 antibodies were performed on extracts from skin fibroblasts from both unaffected and type-1 ADOA patients (Fig.  4C) . Three major OPA1 isoforms were detected in control skin fibroblasts. In cells bearing OPA1 R290Q a modification of this pattern was observed with a diminution of the faster migrating isoform and the appearance apparition of two bands (arrow heads in Fig. 4C ). No qualitative modification of the OPA1 banding pattern was detected in cells bearing the OPA1 ∆58 allele but a reduction of about 50% of the amount of the three isoforms present in the control cells was reproducibly noticed while isoforms of higher electrophoretic mobility corresponding to C-terminally deleted dynamin (see Fig. 1A ) were never observed.
DISCUSSION
To gain insight into the pathological processes associated with type-1 ADOA we have analyzed the mitochondrial phenotypes associated with the expression of pathogenic alleles of OPA1 either in HeLa cells transfected with the corresponding variants or in skin fibroblasts from patients bearing similar mutations.
These mutations were representative of most alleles occurring in type-1 ADOA patients. The first class corresponds to missense substitutions in the GTPase domain which are predicted to affect guanyl nucleotide fixation and GTP hydrolysis in various GTPases (34, 35) including OPA1 (20) . The second mutation is the most frequent in the patient population and induces a frame-shift deletion of 58 residues in the C-terminal coiled-coil region that could correspond to the dynamin GTPase effector domain. Based on the role of the GED in the dynamins (36) , this deletion is expected to alter the oligomerization and thus to abolish the stimulated GTPase activity of OPA1. Both types of mutants are presumably affected in their function since in contrast to OPA1 wt they were unable to complement the deletion of msp1 + , its orthologue in fission yeast (26) .
Effects of OPA1 pathogenic alleles on mitochondrial morphology -Overexpression of OPA1
wt in HeLa cells caused mitochondrial fragmentation in agreement with former reports (18, 20) . Nevertheless OPA1 (20, 27, 28) and its yeast counterparts Mgm1p (21, 22) and Msp1p (23) are believed to promote fusion of mitochondrial membranes. This discrepancy might be explained by a nonspecific effect due to over-expression of a membrane protein in tubular mitochondrial network. However, over-expression of OPA1 promoted mitochondrial elongation in MEF cells which the mitochondria are naturally fragmented (28) . These observations may point to the existence of surveillance mechanisms which, while allowing local membrane dynamics, maintain the mitochondrial network within a morphological state compatible with its function in a given cell type. Such mechanism would oppose the antagonistic responses to modifications of either the fusion or fission levels which may compromise mitochondrial function when unrestrained. The fragmentation observed here for OPA1 wt could be due either to the imbalance induced by constitutive overexpression or could represent a bias of the control mechanisms towards fission.
Upon overexpression of OPA1 G300E in HeLa cells mitochondrial fission occurred to a significantly greater extent than for OPA1 wt although the two proteins were expressed at similar levels. Fragmentation of mitochondria induced by alteration of the catalytic domain has been well documented for Mgm1p and Msp1p in yeast (21) (22) (23) 33 ) and more recently for OPA1 in mammals (18, 20, 28) . Both OPA1 wt and OPA1 G300E have functional GED-like domains and may thus able to incorporate into fusion-competent complexes. For OPA1 wt this would result in increased oligomerization-stimulated GTPase and fusion activities and thus inducing a counteracting increase in fission (Fig. 5) . On the contrary, integration of OPA1 G300E into these complexes may have largely decreased GTPase-stimulated activity and fusion competency, leaving the fission forces almost unopposed and yielding a highly fragmented network (Fig.  5 ). This type of dominant negative mechanism is well documented for the conventional dynamins with deficient GTPase activity (35, 37) . The lack of effect of OPA1 ∆58 may relate to the weaker expression of OPA1 ∆58 as compared to OPA1 wt or OPA1 G300E . However OPA1 carrying a deletion of its potential GED may be unable to incorporate into oligomers and thus be unable to influence mitochondrial network dynamics in this manner.
We then examined the effects of the OPA1 pathogenic mutations under pathophysiological expression conditions. Highly fragmented mitochondria were observed in skin fibroblasts isolated from patients carrying the R290Q substitution suggesting that, as in HeLa cells expressing OPA1 G300E , a dominant negative effect is responsible for the fragmentation of the mitochondrial network (Fig. 5) . As transfected HeLa cells, OPA1 ∆58 expressing fibroblasts showed a normal filamentous mitochondrial network. In these cells the amount of OPA1 was half that in control fibroblasts and was certainly produced from the wild-type allele only since no faster migrating bands corresponding to the C-terminal deletion were seen. During development cells may have adapted to a such situation by parallel diminution of the steady state fission forces to maintain a filamentous morphology of mitochondria (Fig. 5) . Indeed, in RNAi experiments, fragmentation of mitochondria almost strictly paralleled the reduction in OPA1 levels (27, 28) .
Effects of OPA1 pathogenic alleles on cell
viability; relationships with mitochondrial morphology -The viability of cells expressing the various OPA1 isoforms was investigated since manipulation of the expression and/or activity of mitochondrial proteins involved in mitochondrial morphology has often been associated with cell death (27, 30, (38) (39) (40) (41) (42) . In fibroblasts from type-1 ADOA patients the OPA1 R290Q allele behaved similarly to OPA1 G300E in HeLa cells by increasing their sensitivity to apoptosis. On the contrary, OPA1
∆58 had no effects in HeLa cells but induced skin fibroblasts to die upon treatment with sub-optimal doses of staurosporine.
Altogether, these observations may be interpreted according to our model of the regulation of mitochondrial morphology (Fig. 5) . In HeLa cells, high-level overexpression of OPA1 G300E almost annihilated the oligomerization-induced stimulation of GTPase activity by a dominant negative mechanism. Collapse of fusion activities left fission forces almost unrestricted and thereby induced fragmentation of the mitochondrial network beyond the level compatible with its function, followed by cell death. In skin fibroblasts, OPA1
R290Q acted by similar a dominant negative mechanism, but to a lesser extent since it was expressed at comparable levels as OPA1 wt ; fragmentation was less intense and remained compatible with viability. However, staurosporine-induced mitochondrial fission (38) could not be sufficiently balanced by antagonistic fusion forces to maintain the mitochondrial network within acceptable limits and this ultimately led to cell death. Because of its inability to oligomerize and thus to integrate into fusion complexes, OPA1 ∆58 had no effects on HeLa cells which express physiological levels of wild-type OPA1. In cells from type-1 ADOA patients, the level of OPA1 wt was half those of normal cells. Such truncated alleles could thus act by haplo-insufficiency rather than in a dominant negative manner, by promoting a diminution of the maximal stimulated GTPase and fusion activities of OPA1-containing complexes, thereby increasing vulnerability to mitochondrial fragmentation and eventually cell death.
Physiopathology of type-1 ADOA -Our results fit with the two possible hypotheses that have been proposed as the pathophysiological processes underlying dominantly inherited diseases. Thus, among the 80 OPA1 mutations, those occuring in the GTPase domain would exert a dominant negative effect, while the C-terminally truncated alleles would cause haplo-insufficiency, as proposed for the deletion of the entire coding sequence (32) . It may be predicted that many of the missense mutations that do not affect the intrinsic GTPase activity of OPA1 or its ability to form oligomers, may act by altering the transduction mechanisms that normally promote its oligomerisationstimulated GTPase activity.
Since both the R290Q and ∆58 alleles of OPA1 increased the sensitivity of cells to apoptosis this may represent the pathophysiological process leading to the neurodegeneration of RGC, as suggested for mitochondrial DNA mutations associated with the LHON syndrome (43) (44) (45) (46) . In the RGC, the limits within which the mitochondrial morphology remains compatible with their function may be narrower than in other cells, rendering RGC more sensitive to apoptosis when mitochondrial morphology is not accurately controlled (Fig. 5 ). This is a crucial point since the number of optic atrophies associated with mutation of mitochondrial proteins is rapidly growing (47, 48) . Furthermore, the importance of accurately controlled mitochondrial dynamics in neuronal cells is becoming increasingly well documented. Indeed, mutations in mitofusin-2, a mitochondrial GTPase involved in fusion of the outer membrane, correlate with Charcot-MarieTooth-2A neuropathy (49) , while DRP1, a mitochondrial dynamin involved in fission of the outer membrane, is essential for morphogenesis and plasticity of the spines and synapses (50 Fig. 4 . Mitochondrial morphology and susceptibility to apoptosis in skin fibroblasts from type 1 ADOA patients. Skin fibroblasts were obtained from patients suffering from type-1 ADOA bearing a mutation in the GTPase domain (OPA1 R290Q ) or a C-terminal deletion of OPA1 (OPA1 ∆58 ) and from two unaffected individuals (control 1 and 2). Cells were analysed for mitochondrial morphology (A) and nuclear phenotype (B) by fluorescence microscopy using MitoTracker Mitochondrial morphology is regulated by highly dynamics, antagonistic fusion and fission forces (grey and white arrows, respectively). According to cellular needs, it may vary within certain limits from a reticular tubular network to small individual grains (top panels). Beyond a fission threshold (x), which may vary in relation to cell type (HeLa, fibroblasts or RGC), cells gradually become more susceptible to apoptotic stimuli and cell death (grey gradation).
In HeLa cells and primary fibroblasts fusion and fission forces equilibrate with a slight advantage for fusion, yielding a tubular mitochondrial network. In HeLa cells, constitutive over-expression of functional OPA1 (op OPA1 wt ) increased mitochondrial fusion and triggered an overwhelming fission response. Over expression of the dominant negative allele OPA1 G300E (op OPA1 G300E ) almost totally annihilated mitochondrial fusion, leaving fission forces unopposed and inducing spontaneous apoptotic death.
In fibroblasts with one OPA1 ∆58 allele, fusion competency was decreased by haploinsufficiency but an adaptative, parallel diminution of fission forces maintained a reticular network. The OPA1 R290Q allele further inhibited fusion by dominant negative mechanisms, yielding a punctuated mitochondrial network. In both cases, fusion forces were too reduced to efficiently oppose to fission induced by suboptimal doses of staurosporine.
